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observations
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Satellite-based atmospheric CO, observations have provided a great opportunity to
improve our understanding of the global carbon cycle. However, thermal infrared
(TIR)-based satellite observations, which are useful for the investigation of vertical
distribution and the transport of CO,, have not yet been studied as much as the column
amount products derived from shortwave infrared data. In this study, TIR-based
satellite CO, products — from Atmospheric Infrared Sounder, Tropospheric Emission
Spectrometer (TES), and Thermal And Near infrared Sensor for carbon Observation —
and carbon tracker mole fraction data were compared with in situ Comprehensive
Observation Network for Trace gases by AlrLiner (CONTRAIL) data for different
locations. The TES CO, product showed the best agreement with CONTRAIL CO,
data resulting in R* ~ 0.87 and root-mean-square error ~0.9. The vertical distribution of
CO, derived by TES strongly depends on the geophysical characteristics of an area.
Two different climate regions (i.e., southeastern Japan and southeastern Australia) were
examined in terms of the vertical distribution and transport of CO,. Results show that
while vertical distribution of CO, around southeastern Japan was mainly controlled by
horizontal and vertical winds, horizontal wind might be a major factor to control the
CO; transport around southeastern Australia. In addition, the vertical transport of CO,
also varies by region, which is mainly controlled by anthropogenic CO,, and horizon-
tal and omega winds. This study improves our understanding of vertical distribution
and the transport of CO,, both of which vary by region, using TIR-based satellite CO,
observations and meteorological variables.

Keywords: atmospheric CO,; TES; CONTRAIL; vertical distribution; CO, transport

1. Introduction

Carbon dioxide (CO,) is the most important anthropogenic greenhouse gas. An increase in
the amount of CO, in the atmosphere forces the Earth’s radiation budget by absorbing
radiation from energy and therefore accelerates the greenhouse effect (Forster et al. 2007).
The major causes of increased atmospheric CO, concentration include the combustion of
fossil fuels, cement production, and land-use change (Keeling, Piper, and Heimann 2013).
The seasonal cycle of atmospheric CO, has been investigated using in situ field measure-
ments since the mid-1950s (Keeling, Chin, and Whorf 1996) and the network of field
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measurements has been expanded throughout the world (Baldocchi et al. 2001). However,
field measurements are not spatially continuous and one cannot measure data easily over
inaccessible regions such as the Amazon, which results in large uncertainty about the
spatial distribution of CO, concentration (Gurney et al. 2008). In this context, spaceborne
remote sensing is very appealing because of its ability to collect data over vast areas
(Chevallier, Bréon, and Rayner 2007).

There are three satellite-based techniques for the estimation of atmospheric CO, concen-
tration. One approach is the differential absorption technique, which uses CO, absorption
wavelengths in the shortwave infrared region (SWIR; ~1.6-2.0 um) (Bréon and Ciais 2010).
For example, Thermal And Near infrared Sensor for carbon Observation (TANSO) onboard
the Greenhouse gases Observing SATellite (GOSAT) uses an inverse method, which is an
iterative retrieval based on Bayesian optimal estimation. It corrects simulated spectral radi-
ance data from measured spectral radiance (Rodgers 2000). While the wavelengths are
sensitive to CO, and can be used to distinguish CO, from other trace gases, the approach
requires a clear sky with sunlight above the horizon. The other approach is to use thermal
infrared (TIR; >4 pum) remote sensing to quantify the vertical distribution of CO, concentra-
tion based on the fact that radiance emitted by CO, gases in the atmosphere is a function of
temperature (Bréon and Ciais 2010). The SWIR-based CO, estimation shows better sensitiv-
ity to the surface than TIR-based CO, estimation because SWIR gives approximately constant
sensitivity through the troposphere. Solar occultation is another method to retrieve a CO,
profile, which provides better profile information at about 5 km (Patra et al. 2008; Foucher
et al. 2011; Sioris et al. 2014). Additionally, Active Sensing of CO, emissions over Nights,
Days, and Seasons can also measure atmospheric CO, in a unique way by using an active
laser sensor (Numata et al. 2011).

Atmospheric CO, observation using satellite sensors started in 2002 with SCanning
Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY)
onboard Envisat by the European Space Agency. Due to the large footprint of
SCIAMACHY, a considerable amount of observations was spoiled by clouds, which
can influence the accuracy of the SCIAMACHY observations (Ceos 2014).
Atmospheric Infrared Sounder (AIRS) onboard Aqua launched by the National
Aeronautics Space Administration (NASA) had been mainly used to measure water
vapor and temperature profiles in the atmosphere (Ceos 2014). Chédin et al. (2003) and
Engelen and Stephens (2004) showed the potential of AIRS for retrieving vertical con-
centrations of atmospheric CO,. AIRS has been used to monitor atmospheric CO, in
relation to meteorological and climatic phenomena (Chédin et al. 2003; Jiang et al. 2012).
The Tropospheric Emission Spectrometer (TES) on Aura is also used to produce CO,
concentration products, which were evaluated with airborne measurements, models (i.e.,
Carbon Tracker), and AIRS products (Kulawik et al., 2010; Kulawik et al. 2013). Inverse
modeling, based on TES CO, observations, was used to estimate CO, surface fluxes
(Nassar et al. 2011). The Infrared Atmospheric Sounding Interferometer (IASI) onboard
the Meteorological Operational satellite program (MetOp-A) has similar spectral charac-
teristics to TES. TASI observes atmospheric CO, only in the tropical belt (i.e., 20°S—
20°N) (Crevoisier et al. 2009). The TANSO onboard the GOSAT was the first project
developed to measure greenhouse gases such as CO, and CH, with SWIR and TIR bands.
TANSO has been used to develop and improve the retrieval algorithms of CO, column
abundance (Yoshida, Kikuchi, and Yokota 2012; Crisp et al. 2012; O’Dell et al. 2012;
Yoshida et al. 2013). Orbiting Carbon Observatory-2, NASA’s first dedicated CO, mis-
sion, was launched in July 2014 (Crisp et al. 2004; Miller et al. 2007) and provides Level
1 geolocated spectra and Level 2 XCO, products.
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While many studies on the estimation of CO, column abundance have been carried
out based on SWIR and its retrieval algorithms, the vertical distribution of CO, concen-
tration based on TIR has not been fully investigated. There are several reasons why the
quantification of vertical distribution of CO, is important. First, the vertical profile of CO,
is essential to calculate CO, fluxes at the small scale using a boundary-layer budget
method. Second, the vertical distribution of CO, helps us to understand the vertical
transport of CO; in the troposphere. There have been efforts to study and understand
the vertical distribution and transport of CO, using satellite data. Crevoisier et al. (2009)
investigated the vertical transport of CO, based on the fact that the CO, seasonal cycles
between IASI and Comprehensive Observation Network for Trace gases by AlrLiner
(CONTRAIL) have a 1-month time lag. While Crevoisier et al. (2009) did not analyze
drivers to transport CO,, Kumar, Revadekar, and Tiwari (2014) proposed that vertical
wind motion via convection might transport CO, from the surface to the mid-troposphere
over India. In addition to satellite remote-sensing data, aircraft and tethered balloon-
derived data were used to analyze the vertical distribution of CO, and its characteristics
(Li et al. 2014; Sawa, Machida, and Matsueda 2012; Sweeney et al. 2015). However, the
vertical distribution of CO, varies by region because of different environmental charac-
teristics, such as vegetation phenology, land composition, distribution of geographical
features, atmospheric conditions, wind patterns, and anthropogenic emissions.

This study extends our preliminary research in Lee, Im, and Lee (2015), which
compared multiple CO, satellite products from AIRS, TES, and TANSO with aircraft
observations (i.e., CONTRAIL). This present study compares the TIR-based CO, pro-
ducts and carbon tracker data with CONTRAIL data in more detail over four study sites.
We further investigated mechanisms of vertical distribution and transport of CO, using the
satellite product that showed the best agreement with the in situ CONTRAIL and the
carbon tracker data. Two regions with different environmental and climatic characteristics
were selected for this purpose, including southeastern Japan and southeastern Australia.

2. Materials and methods
2.1. Satellite data

AIRS onboard Aqua collects data across 2378 channels between 3.7 and 15.4 pm with a
13.5 km field of view at nadir (Aumann and Pagano, 2003). In order to eliminate the
effects of clouds, it is combined with the Advanced Microwave Sounding Unit (AMSU)
and produces temperature profiles as well as the concentrations of trace gases, including
CO,, CO, SO,, and CH,4 (Pagano, Chahine, and Olsen 2011). It is known that the
accuracy of AIRS CO, is around 1-2 ppm between 30°S and 80°N when compared to
aircraft measurements and Fourier Transform Interferometers (Chahine et al. 2008). AIRS
Version 5 Level 2 CO, data (ftp://airsl2.gesdisc.eosdis.nasa.gov/ftp/data/s4pa/Aqua_
AIRS Level2/AIRX2STC.005ftp://airs]2.gesdisc.eosdis.nasa.gov/ftp/data/s4pa/
Aqua_AIRS Level2/AIRX2STC.005) were used in this study. This product assumes a
global average linear time-variable CO, climatology throughout the atmosphere (Olsen
2009). AIRS data until 28 February 2012 were used due to the degradation of AMSU for
consistent comparison.

TES on AURA collects data at very high spectral resolution with nadir measurements
of TIR emission (3.2-15.4 pum). It was launched on 15 July 2004 at an altitude of
approximately 686 km with a coverage between 40°S and 40°N. The peak sensitivity of
TES was reported near 511 hPa atmospheric pressure level (Nassar et al. 2011). The
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number of TES CO, observations was largest in 2007 and 2008. However, it has
consistently decreased since 2009. In order for comparisons with airborne observations,
this study used the TES CO, product between 2006 and 2012. The data version is TES L2
CO, v7 lite product, which provides the concentration values at 14 atmospheric pressure
layers from the ground to the altitude of 64 km (http://avdc.gsfc.nasa.gov/index.php?site=
635564035&id=10&go=list&path=/CO2).

GOSAT, launched on 23 January 2009, is the first satellite dedicated to the
retrieval of the amount of greenhouse gases such as CO, and CHy in the atmosphere
(Kuze et al. 2009). TANSO is the main sensor of GOSAT. It has two main instru-
ments: the Fourier Transform Spectrometer (FTS) and the Cloud and Aerosol Imager.
TANSO-FTS has three narrow SWIR bands (i.e., 0.76, 1.6, and 2.0 um) and a wide
thermal band (5.5-14.3 um) (Yokota et al. 2009). While the SWIR bands are used to
retrieve CO, column concentration, the TIR band is used to retrieve the vertical profile
of CO, concentration (Imasu et al. 2008). In this study, TANSO-FTS TIR level 2
v00.01 data was used (http://data.gosat.nies.go.jp/GosatUserInterfaceGateway/guig/
GuigPage/open.do), which was available for only 9 months from March to
November 2010 with three altitudes (i.e., 3, 5.5, and 9.1 km).

2.2. CONTRAIL

The CONTRAIL project was developed to automatically measure atmospheric CO,
concentrations using the Continuous CO, Measuring Equipment (CME) and Automatic
Air Sampling Equipment that are installed in commercial aircraft from 1993 to the present
(Machida et al. 2008). The CME CO, concentration data were used in this study. The
CME observation device records the CO, concentrations every 10 s when an aircraft
ascends or descends, with an approximately 100 m interval in vertical (Sawa, Machida,
and Matsueda 2012). The CO, data were obtained from Japan Airlines’ (JAL) regular
flight at the airports of major cities such as Narita and Nagoya in Japan, Bangkok in
Thailand, and Paris in France in the Northern Hemisphere and Sydney in Australia in the
Southern Hemisphere.

2.3. Ancillary data

To estimate the horizontal and vertical transport of CO,, this study used the four-dimen-
sional wind data from the National Centers for Environmental Prediction (NCEP)
Department of Energy Reanalysis 2 (Kanamitsu et al. 2002), which was derived through
a data assimilation technique using various in situ and satellite-based meteorological
observations. The temporal coverage of NCEP R2 is from January 1979 to June 2015
and the spatial coverage is global with 2.5° grid spacing. Monthly-mean vertical (a.k.a.
omega velocity in Pa s ') and horizontal winds (zonal U- and meridional V-wind) from
NCEP R2 between 2006 and 2011 were downloaded from the data archive (http://www.
esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.pressure.html#references).

Carbon tracker is the leading edge data assimilation system of CO, based on dry-
air mole fraction observations (Peters et al. 2007). The assimilation system estimates
atmospheric CO, mole fractions using global CO, surface exchange models and an
atmospheric transport model derived by meteorological fields from the European
Centre for Medium-Range Weather Forecasts atmospheric reanalysis. Carbon tracker
2013B mole fraction data was used from 2006 to 2011 to investigate horizontal CO,
transport. Monthly Normalized Difference Vegetation Index (NDVI) and Net Primary
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Productivity (NPP) derived by Moderate Resolution Imaging Spectroradiometer from
NASA Earth Observations (NEO) were used in this study. Since NDVI is a key
parameter documenting vegetation phenology (Ding et al., 2016; Kim and Yeom,
2015; Yagcei, Di, and Deng 2015; Zhang et al. 2017), it is useful to investigate the
relationship between vegetation activity and atmospheric CO2.

2.4. Study area

The study sites are given in Table 1 and Figure 1. Multiple regions were chosen to
investigate CO, concentrations. Four local sites near the Narita, Bangkok, and Nagoya
airports in the Northern Hemisphere, and Sydney airport in the Southern Hemisphere
were chosen to compare TIR-derived satellite products with CONTRAIL data. The
vertical variation of CO, was investigated over larger areas including southeastern
Japan and southeastern Australia. East Asia and Australia, including Indonesia and

Table 1. Study sites investigated in this research.

Location Latitude (°) Longitude (°)
Narita 35°N-37°N 140°E-142°E
Bangkok 13°N-15°N 100°E-102°E
Nagoya 34°N-36°N 136°E-138°E
Sydney 33°S-35°S 150°E-152°E
Southeastern Japan 31°N-41°N 136°E-146°E
Southeastern Australia 29°S-39°S 145°E-155°E
East Asia 15°N-55°N 90°E-180°E
Australia including Indonesia and Papua New Guinea 0°S—40°S 90°E-180°E

60°N

Legend

Narita

Bangkok

O Nagoya

Sydney

Southeastern Japan
Southeastern Australia
East Asia

Australia including
Indonesia and Papua
New Guinea

O

O O

ol

O

O

80°E 100°E 120°E 140°E 160°E 180°W

Figure 1. Geographical locations and spatial extent of the study sites used in this research: from
Narita to Australia including Indonesia and Papua New Guinea correspond to Table 1.
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Papua New Guinea, were chosen to examine the transportation of CO, on a con-
tinental scale.

2.5. A comparison between TIR-based sensors, carbon tracker, and CONTRAIL

CO, products from TIR-based sensors have limited spatiotemporal coincidence with
the airborne CONTRAIL data. Thus, a 2° x 2° grid box for each CONTRAIL sample
location was used to extract TIR-based CO, samples for comparison with the airborne
data (Figure 1). In addition, a vertical buffer (i.e., £ 500 m)was needed because it is
hard to compare satellite-derived data with airborne observations at the exact same
altitude. When both the satellite and airborne data were available for the same day
regardless of time within the £ 500 m vertical buffer in a 2° x 2° grid box, the data
pair was used for the comparison. The temporal difference for coincidences may
increase the uncertainty for the comparison, which is a major limitation. However,
when we used the time difference less than 1 or 2 h, the number of pairs was
dramatically reduced, which made it difficult to examine the statistical significance
of the relationship. In addition, carbon tracker data was provided daily; it is considered
that the temporal difference for the coincidences can be negligible when compared to
the carbon tracker data. The averaged time difference between CONTRAIL and TIR-
based CO, samples was about 6 h. The number of the pairs by sensor is summarized
in Table 2. Four airport sites (Narita, Bangkok, Nagoya, and Sydney) were selected for
the comparison between TES and CONTRALIL since there were sufficient samples. On
the other hand, the comparisons between CONTRAIL and the data from the other
sensors (i.e., AIRS and TANSO) were conducted only at Narita due to the limited
number of samples. When more than one CONTRAIL sample was located in a grid of
the daily carbon tracker data, they were averaged.

2.6. Averaging kernels

The averaging kernel represents atmospheric physical states, such as surface and atmo-
spheric molecular scattering, for each satellite observation point (Emmons et al. 2004;
Figure 2). Since the airborne data did not contain regular pressure grids, it should be
interpolated to a regular grid (Nassar et al. 2008; Kulawik et al., 2010). The Atgs, TES
averaging kernel and a priori constraint vector Xy, were considered as the TES operator.
The XirbomeTESop Was produced by applying TES averaging kernel, considering the TES
sensitivity and vertical resolution (Nassar et al. 2008; Kulawik et al., 2010).

Table 2. The number of pairs by sensor at each location of
CONTRALIL observations.

Sensor Location The number of pairs
TES Narita 229
TES Bangkok 97
TES Nagoya 70
TES Sydney 55
AIRS Narita 56

TANSO Narita 25
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Figure 2. Examples of averaging kernels for TES CO, lite product version 7 over East Asia
(Latitude: 15°N-55°N, longitude: 90°E—180°E).

XairbomeTESop = Xprior + ATES [Xairbome _Xprior:I (1)

The averaging kernel of TES was applied to airborne CONTRAIL data to remove the
residual between them. The sensitivity of TES is the highest around 500-700 hPa. It
should be noted that the averaging kernel of AIRS was not used to keep the sensitivity of
CO, measurements by altitude (Maddy et al. 2008). In addition, since TANSO-FTS TIR
level 2 v00.01 data does not provide parameters associated with an averaging kernel, the
averaging kernel was not applied to TANSO data.

3. Results and discussion

3.1. Comparison of TIR-based CO; and carbon tracker CO, concentrations with
CONTRAIL data

CO, concentrations derived from TIR-based sensors (i.e., TES, TANSO, and AIRS)
during 20062011 were validated with CONTRAIL data (Figures 3 and 4). TES-derived
CO, concentrations were estimated somewhat lower than CONTRAIL at 910 hPa in most
sites except Sydney (i.e., the black dots in Figure 3), which implies that the TES product
might not effectively capture CO, emitted from airplanes or other man-made sources from
the ground. In addition, there is a significant diurnal cycle of CO, concentrations near the
ground surface as observed from CONTRAIL, and the nighttime increase of CO, through
respiration by vegetation may not be correctly represented in TES near the ground.
Statistics of R* and the root-mean-square error (RMSE), and bias between TES and
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Figure 4. Comparison of TANSO-derived CO, and AIRS-derived CO, with CONTRAIL for Narita.

Table 3.

Statistics (i.e., R? and RMSE) of the relationship between TES CO, product and CO,
concentrations measured by CONTRAIL. No data available at 280 hPa in Nagoya.

Elevation (hPa) Narita Bangkok Nagoya Sydney
910 R 0.56 0.45 0.77 0.81
RMSE (ppm) 55 4.0 3.26 2.72
Bias (ppm) -3.92 2.07 2.16 -1.84
675 R’ 0.95 0.9 0.95 0.90
RMSE (ppm) 1.29 0.85 1.27 1.63
Bias(ppm) 0.67 0.04 0.59 —1.47
505 R 0.98 091 0.94 091
RMSE (ppm) 1.23 0.77 1.38 1.62
Bias(ppm) 0.4 0.1 0.63 —1.45
380 R? 0.94 0.93 0.92 0.84
RMSE (ppm) 1.03 0.62 0.66 1.37
Bias(ppm) 0.43 —-0.03 0.14 -1.0
280 R 0.88 0.87 0.87
RMSE (ppm) 1.15 1.02 1.36
Bias(ppm) 0.24 —-0.02 -1.1

CONTRAIL are summarized in Table 3. The difference between TES-derived CO, and
CONTRAIL data becomes smallest in the mid-troposphere, resulting in R* ~ 0.98, RMSE
~ 1.24 ppm, and bias ~ 0.4 ppm at 505 hPa in Narita, and R* ~ 0.93, RMSE ~ 0.92 ppm,
and bias ~ —0.03 at 380 hPa in Bangkok (Figure 3 and Table 3). Sydney resulted in
relatively higher R? values than the other sites, as the number of samples was small and
the samples were clustered into two groups of low and high concentrations. As TES is not
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Table 4. Statistics (i.e., R? and RMSE) of the relationship between
TANSO/AIRS CO, products and CO, concentrations measured by
CONTRALIL at Narita.

TANSO and CONTRAIL

Elevation (hPa) Narita

700 R 0.53
RMSE(ppm) 4.35
Bias(ppm) -0.29

500 R 0.45
RMSE(ppm) 32
Bias(ppm) 0.9

300 R 0.33
RMSE(ppm) 5.6
Bias(ppm) —4.13

AIRS and CONTRAIL

350-470 R 0.5
RMSE(ppm) 2.99
Bias(ppm) 1.67

optimized for carbon cycle research, it has low accuracy for CO, concentrations near the
surface (Nassar et al. 2011).

While it is known that TANSO-SWIR-derived CO, column concentrations have a
generally good agreement with aircraft observations (Maddy et al. 2008), TANSO-TIR-
derived CO, concentrations produced a relatively poor relationship with CONTRAIL data
(Figure 4), with much lower R* and higher RMSE values at all three altitudes (Table 4),
when compared with TES data. The small number of samples would be one of the reasons
for such a low correlation. More samples of CO, measured by TANSO could improve R,
RMSE, and bias. It should be noted that TANSO-derived CO, concentrations have not
been provided since 14 July 2014.

The peak sensitivity of AIRS-derived CO, varies by latitude, in which it is found at
altitudes from 6 to 8 km in the mid-latitudes (i.e., 25-60 °S and 25-60 °N) (Inoue
et al. 2013). For the comparison with AIRS-derived concentrations, the CONTRAIL
data was averaged for the altitudes between 6 and 8 km in Narita. AIRS-derived CO,
produced R*> ~ 0.5 and RMSE ~ 2.99 ppm in the upper troposphere at 250 hPa
(Table 4). It should be noted that an averaging kernel was not used to keep the
sensitivity of CO, measurements by altitude (Inoue et al. 2013). Maddy et al. (2008)
used National Oceanic and Atmospheric Administration Earth System Research
Laboratory/Global Monitoring Division aircraft flask measurements to compare AIRS
CO, product around North America, resulting in R* ~ 0.58 and RMSE ~ 2.05 ppm.
While AIRS CO, concentrations in the present study are generally higher than the
AIRS data used in Maddy et al. (2008), both are higher than CONTRAIL data tending
to overestimate CO, concentrations.

Although the carbon tracker has a very coarse spatial resolution, the agreement
between carbon tracker CO, and CONTRAIL CO, is moderate because CO, is a well-
mixed gas (Figure 4). The carbon tracker CO, near the surface (i.e., 910 hPa) better
matched the CONTRAIL data when compared with TES CO, (Figure 5 and Table 5). The
carbon tracker mole fraction data were used to show the vertical distribution of CO,
concentrations in the Sections 3.2 and 3.3.
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Table 5. Statistics (i.e., R* and RMSE) of the relationship between carbon tracker CO, and CO,
concentrations measured by CONTRAIL. No data available at 280 hPa in S3.

Elevation (hPa) Narita Bangkok Nagoya Sydney
910 R 0.48 0.62 0.76 0.87
RMSE (ppm) 5.28 4.08 2.37 1.47
675 R’ 0.83 0.68 0.76 0.89
RMSE (ppm) 3.27 1.67 3.37 1.4
505 R 0.79 0.22 0.75 1.91
RMSE (ppm) 3.76 2.8 3.62 1.34
380 R? 0.57 0.47 0.66 1.88
RMSE (ppm) 42 2.25 4.46 1.82
280 R? 0.48 0.58 0.89
RMSE (ppm) 4.4 1.97 1.65

3.2. Spatiotemporal analysis of TES and carbon tracker CO;,

Since TES produced the best agreement with CONTRAIL data for the four local sites,
TES-derived CO, was further investigated on the spatiotemporal domain. Figure 6(a,b)
shows the seasonal and vertical variations of CO, at two different sites (i.e., southeastern
Japan and southeastern Australia in Figure 1), which are obtained for five vertical layers at
910, 675, 505, 380, and 280 hPa from TES and averaged for 2006-2011. The two sites
exhibit quite distinctive seasonal and vertical variations of CO,. While southeastern Japan
shows a strong seasonal cycle (Figure 6(a)) (Gurney et al. 2002; Tian et al. 2003; Shim,
Lee, and Wang 2013), southeastern Australia shows a relatively weak seasonal cycle
(Figure 6(b)). The carbon tracker CO, anomaly was calculated during 20062011
(Figure 6(c,d)). While there is a slight difference between TES and carbon-tracker-derived
CO, concentrations for the CO, minimum month, the overall vertical distribution of
carbon tracker CO, is very similar to that of TES CO,. Since the CO, concentration at
southeastern Japan is significantly influenced by the seasonal variations of the terrestrial
biosphere in the Northern Hemisphere as well as by many nearby anthropogenic sources,
it shows stronger seasonal variations, with the maximum in April (Figure 6). It is the
lowest in August because of the vegetation uptake during summer (Harazono et al. 2003;
Stephens et al. 2007; Garbulsky et al. 2008). Myneni et al. (2001) suggested that the
Russian tundra plays a meaningful role in absorbing the atmospheric CO,. Meanwhile, the
seasonal variation of CO, at southeastern Australia is much smaller, presumably due to
less natural and anthropogenic CO, sources in the Southern Hemisphere. The relationship
between seasonal variations of CO, and omega wind is analyzed in the next section.
Figure 7 shows the monthly NDVI and NPP averaged for 2006-2011 in two larger
regions (i.e., East Asia and Australia including Indonesia and Papua New Guinea) to examine
the influence of vegetation activities. It is known that NDVI is often saturated over dense
vegetation such as tropical forests (Forkel et al. 2016), which makes NPP more sensitive to
the phenology of vegetation than NDVI over dense vegetation especially at Australia
including Indonesia and Papua New Guinea. The amplitude of the seasonal cycle of NDVI
and NPP at East Asia is larger than that of NDVI and NPP at Australia including Indonesia
and Papua New Guinea. The seasonal variation of CO; is closely related to the phenological
cycle of vegetation (Mutanga and Skidmore 2004). Especially, vegetation activities have a
great impact on the dynamics of the carbon cycle in the Northern Hemisphere (Mutanga and
Skidmore 2004). A large variation of NDVI and NPP at East Asia may explain the large
fluctuation of CO, concentrations at southeastern Japan (Figure 7) (Shim, Lee, and Wang
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Figure 6. Vertical TES and carbon tracker monthly CO, variations and omega wind (vertical
pressure velocity) averaged during 20062011 at southeastern Japan (a, c, e¢) and southeastern
Australia (b, d, f).

2013; Fan et al. 1998; Angert et al. 2005). The seasonal cycle of NDVI and NPP at Australia
including Indonesia and Papua New Guinea (darker (blue) line in Figure 7) is totally out of
phase with that at East Asia, with a smaller amplitude. The difference in the biomass between
the Northern and the Southern Hemisphere and the saturation effect of NDVI should explain
the difference in the amplitude of the NDVI seasonal cycle between the two sites.
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3.3. Vertical and horizontal transport of CO,

The vertical transport of CO, can be inferred from vertical motion given in Figure 6, where
the two regions (i.e., southeastern Japan and southeastern Australia) have quite different
characteristics. Both the maximum in April and the minimum in August are located near the
ground level at southeastern Japan, suggesting the major sources and sinks of CO, should be
located near the surface in this region (Figure 6(a)) (Gurney et al. 2002). The peak CO,
concentration is found near the ground level between 900 and 700 hPa in April, just before
the vegetation growing season, and this peak is delayed in time to May in the middle to upper
levels between 600 and 400 hPa. The vertical distribution of carbon tracker CO, also
explains the movement of the peak of CO, concentrations (Figure 6(c)). This suggests that
CO, is transported vertically by large-scale atmospheric circulation, which is also explained
by omega and horizontal winds. While the omega wind is positive (i.e., the descending
motion) during November to April (Figure 6(¢)), CO, concentration shows a strong gradient
in vertical, thereby implying a suppressed vertical upward transport of CO, in this season.
When the vertical motion changes into the ascending motion during May—September, the
vertical stratification becomes weaker due to the increased vertical transport. We further
examine the horizontal transport of CO, in this region in Figure 7. High CO, concentrations
around northeastern China, where much of natural and anthropogenic CO, is emitted into the
atmosphere, tend to move to the east by northwesterlies or westerlies from November to
April (Figure 8(a—d,k,l). This flow pattern corresponds to the East Asian winter monsoon.
During the active vegetation season from May to September, the oceanic region in East Asia
is dominated by large-scale anticyclonic circulation. This pattern drives southerly or south-
westerly flow over China and Korea, thereby transporting CO, to the north. This flow pattern
corresponds to the East Asian summer monsoon. Note that CO, concentration decreases to
the north during the active vegetation season from May to September, which is totally
opposite to the case from November to April, with the maximum in the south and the
minimum in the north. This suggests that the seasonal variation of CO, concentration is
much higher in the boreal continent, presumably caused by much larger seasonal variation in
vegetation (Shim, Lee, and Wang 2013; Fan et al. 1998; Angert et al. 2005; Van Breemen
et al. 1998).
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Figure 8. Monthly CO, concentration from carbon tracker and horizontal wind at 1000-700 hPa
from NCEP reanalysis 2 data averaged during 2006-2011 at East Asia; (a) through (1) correspond to
January—December.

Unlike the case of southeastern Japan, southeastern Australia in the Southern
Hemisphere shows the maximum in October and the minimum in February. In addition,
the highest concentration exists not near the ground level but above at 700 hPa (Figure 6(b)).
This suggests that the column concentration is affected more by horizontal transport above
the planetary boundary layer, rather than being affected by any significant sources or sinks at
the ground. The vertical distribution and transport of CO, concentrations at southeastern
Japan are not significantly related to the omega wind. Instead, the zonal wind transports
relatively high CO, concentrations from the Northern Hemisphere to southeastern Australia
area in the Southern Hemisphere. The movement and pattern of zonal wind correspond to the
horizontal transport of CO, around Australia including the Indonesian and Papua New
Guinean area (Figure 9). Unlike southeastern Japan (Figures 6(a,c)), the vertical motion of
omega wind at southeastern Australia is downward all year around, which tends to suppress
the vertical transport (Figure 6(¢)). In the Southern Hemisphere, the meridional gradient of
CO, concentration is consistent with the maxima in the equatorward and the minima in the
poleward, although its gradient is largest in austral summer from January to April (Figure 9).
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Figure 9. Monthly CO, concentration from carbon tracker and horizontal wind from NCEP
reanalysis 2 data averaged during 2006-2011 in Australia including Indonesia and Papua New
Guinea; (a) through (1) correspond to January—December.

Several studies have investigated the vertical transport of CO, (Crevoisier et al. 2009;
Li et al. 2014; Lee, Im, and Lee 2015). Crevoisier et al. (2009) investigated the vertical
transport of CO, from 0° to 20°N using IASI and aircraft measurements. Nevertheless,
this study did not explain factors that cause the vertical transport of CO,. Kumar,
Revadekar, and Tiwari (2014) proposed that vertical motion derived by convection may
cause the vertical transport of CO, from surface to mid-troposphere using AIRS over
India. However, since the vertical transport of CO, is mainly driven by vertical wind and
dispersion, which vary by region, it should be investigated for various regions with
different characteristics such as atmospheric conditions, geographical features, and climate
conditions. Vegetation activities and phenology are crucial to control the quantity of CO,
in the atmosphere, especially near the ground.
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3.4. Comparison of monthly vertical variations between TES and CONTRAIL CO,

Figure 10 shows the vertical variation of monthly CO, between 2006 and 2011 at
southeastern Japan using TES and CONTRAIL CO, concentration data. There was no
data for some months: the number of TES CO, observations started to decrease since
2009 and JAL airplanes did not pass over southeastern Japan in certain months. While
both TES- and CONTRAIL-derived CO, concentrations show a secular increasing
trend with time, the seasonal cycle each year basically resembles the multiyear
averaged one that is presented in Figure 10(a). It is intriguing that, although CO,
concentrations at lower altitude (i.e., near 910 hPa; 850-950 m) in August are
generally lowest because of active photosynthesis of vegetation (Figure 10(a)), the
CONTRAIL data show exceptionally high values in August 2007, 2010, and 2011
(Figure 10(b)). It was found that there were many CONTRAIL samples collected
during early morning for the months mentioned earlier, which showed relatively high
CO; concentrations (>390 ppm) (Figure 11). Relatively high CO, concentration values
in the early morning or nighttime (Li et al. 2014) by active respiration of terrestrial
biosphere might cause the bias of overestimation in the time average. In addition, the
nocturnal boundary layer is stable and suppresses the vertical dilution of CO,.
However, TES usually measured CO, concentration in August 2007 and 2010 in the
morning, and thus, high CO, concentrations were not captured near the surface
(Figure 11). Very limited sensitivity of TES CO, product near the ground level may
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also explain such discrepancy. The diurnal cycle might be more significant than other
factors such as anthropogenic emissions and winds in the regional scale during
summertime when CO, concentrations are relatively low on the ground.

4. Conclusions

This study compared various types of TIR-based satellite products and carbon tracker
mole fraction data for CO, concentrations with the airborne CONTRAIL data. In addition,
the vertical and horizontal distribution of CO, was examined in an attempt to understand
the dynamical and physical mechanisms that drive such distribution. The comparison
results varied by satellite product and the TES-derived CO, concentrations showed the
best agreement with CONTRAIL data resulting in R* ~ 0.95, RMSE ~ 0.7 ppm, and bias
~—0.05 ppm. The AIRS-derived CO, concentrations also showed good agreement with
CONTRAIL data while the TANSO-derived ones did not yield good agreement. The
vertical distribution of CO, was investigated using TES and the large-scale winds from the
atmospheric reanalysis, which revealed that the vertical distribution of CO, is signifi-
cantly related to geophysical characteristics, vegetation phenology, land composition, and
the emission of anthropogenic CO, from the surrounding areas. While the vertical
distribution of CO, around southeastern Japan is largely controlled by horizontal and
vertical winds, horizontal wind is a dominant factor ruling CO, transport around south-
eastern Australia. Finally, the results showed that TIR-derived CO, concentrations at
lower altitudes might not be able to represent the diurnal cycle of CO, and thus special
care should be given when using such satellite-derived products. In order to better under-
stand the dynamics of atmospheric CO, at the mesoscale level, the emission of CO,,
meteorological environment, and geophysical characteristics of a region should be care-
fully considered.
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